The six cortical layers have distinct anatomical and physiological properties, like different energy use and different feedforward and feedback connectivity. It is not known if and how layer-specific neural processes are reflected in the fMRI signal. To address this question we used high-resolution fMRI to measure BOLD, CBV, and CBF responses to stimuli that elicit positive and negative BOLD signals in macaque primary visual cortex. We found that regions with positive BOLD responses had parallel increases in CBV and CBF, whereas areas with negative BOLD responses showed a decrease in CBF but an increase in CBV. For positive BOLD responses, CBF and CBV increased in the center of the cortex, but for negative BOLD responses, CBF decreased superficially while CBV increased in the center. Our findings suggest different mechanisms for neurovascular coupling for BOLD increases and decreases, as well as laminar differences in neurovascular coupling.
INTRODUCTION
Despite the widespread use of functional magnetic resonance imaging (fMRI), the relative contributions of processes like feedforward, feedback, excitation, and inhibition to the blood oxygenation level-dependent (BOLD) signal remain unknown. Given the known segregation of input and output, and termination of feedforward and feedback connections in specific cortical layers (Felleman and Van Essen, 1991) , high-resolution (i.e., laminar) fMRI could potentially be used to address such questions. The six cortical layers have different distributions of cell types, cell sizes, connectivity, energy use, etc., reflecting the different functions of the layers. For instance, input to a cortical area typically arrives in layer IV, while output is typically generated in layer V. In primary visual cortex (V1), the different stimulus selectivity of the layers, e.g., the magno-and parvocellular pathways, is well known (Callaway, 1998) . The relative thickness of the layers also varies for different cortical areas depending on the function of the area. If these anatomical and functional differences have a counterpart in the fMRI signals, fMRI at laminar resolution might be used to elucidate such different cortical computations.
However, laminar differences under different stimulus conditions have remained elusive. There could be multiple reasons for this, for instance resolution limitations. Another possible reason is that the profile of the BOLD response as a function of cortical depth could be determined by the properties of the vasculature, with the laminar profile of the BOLD response only exhibiting amplitude differences, independent of which layers show strongest neural activity. Yet another possibility is that the point spread function (PSF) of the hemodynamic response is larger than the thickness of the layers. To address these questions and to investigate whether obvious laminar differences in the patterns of the BOLD response exist, we compared the laminar properties of positive and negative BOLD responses. We chose these stimuli because of the large differences between the responses and because the negative BOLD signal has been reported to have different properties; namely, to be more specific than the positive BOLD signal (Bressler et al., 2007) and to provide independent information about brain function (Wade and Rowland, 2010) .
Negative BOLD responses have been observed in humans and animals (Allison et al., 2000; Harel et al., 2002; Huang et al., 1996; Shmuel et al., 2002 Shmuel et al., , 2006 Tootell et al., 1998) . In V1, negative responses can be reliably observed adjacent to positive BOLD signals (Huang et al., 1996; Shmuel et al., 2002 Shmuel et al., , 2006 Tootell et al., 1998; Wade and Rowland, 2010) . They were also observed upon ipsilateral inhibition in visual-, motorand somatosensory cortex (Allison et al., 2000; Hlushchuk and Hari, 2006; Schä fer et al., 2012; Smith et al., 2004; Stefanovic et al., 2004; Whittingstall et al., 2008) . Negative BOLD signals were shown to be associated with decreases in cerebral blood flow (CBF) and neural activity (Boorman et al., 2010; Devor et al., 2007; Shmuel et al., 2002 Shmuel et al., , 2006 . Although the above results suggest that negative BOLD signals reflect decreased neural activity and/or inhibition, it is not known whether its mechanism of neurovascular coupling is similar to the mechanism for the positive BOLD response. In fact, it is not yet fully resolved if negative BOLD signals have a purely neural origin or whether hemodynamic properties also play a role (Bianciardi et al., 2011; Harel et al., 2002) , nor is the laminar profile of the negative BOLD signal known.
Here, we measured BOLD, CBF, and cerebral blood volume (CBV) in regions with positive and negative BOLD signals in anesthetized macaques and found that in regions with positive BOLD signals, CBF and CBV were also increased, while in regions where the BOLD signal was negative, CBF decreased but CBV increased. High-resolution fMRI revealed that layerdependent differences in the BOLD, CBF, and CBV signals underlie these effects, suggesting that the mechanism of neurovascular coupling differs not only for positive and negative BOLD signals but also depending on cortical layer. Because of the laminar segregation of functionality, this may open up the possibility of using high-resolution fMRI to separately study the contributions of feedforward, feedback, excitatory, or inhibitory processes to fMRI signals.
RESULTS
High-resolution functional imaging of V1 was performed on eight anesthetized monkeys at 4.7 T (12 experiments; see Logothetis et al., 1999, and Goense et al., 2010, for technical details) . BOLD, functional CBV, and CBF data were acquired while the animals were viewing rotating checkerboard stimuli and center/ring rotating checkerboard stimuli ( Figure 1A ) that were shown to elicit negative BOLD responses in macaques and humans (Shmuel et al., 2002 (Shmuel et al., , 2006 . Positive BOLD responses were observed in the locations of V1 that correspond to the retinotopic representation of the fovea and the ring; negative BOLD responses were observed in the locations representing the gray area between the center spot and the ring ( Figure 1B ; eightsegment gradient-echo [GE] echo planar imaging [EPI] , spatial resolution 0.5 3 0.375 mm 2 ). These responses were consistent with previous results from our lab (Shmuel et al., 2006) . The negative BOLD responses were weaker than the positive BOLD responses (Table 1) , also in agreement with earlier observations (Shmuel et al., 2006) . The functional CBV response however, showed a very different pattern from the BOLD activation pattern, with a CBV increase over the entire V1 ( Figure 1D ). CBV was measured in the same slices after injection of the ironbased contrast agent monocrystalline iron oxide nanocolloid (MION), using the same acquisition parameters as for the BOLD acquisition. When the CBV increases, this results in a higher MION concentration in a given voxel and causes a decrease in signal intensity ( Figure 1C ). Figure 1D shows the same data as Figure 1C but with an inverted color scale, reflecting the sign of the CBV changes. The CBV was increased in the areas that showed positive BOLD responses (purple in Figure 1C , yellow in Figure 1D) ; however, areas that showed negative BOLD responses also had an increased CBV (blue in Figure 1C , red in Figure 1D ) instead of the expected decrease. Thus, in contrast to the BOLD responses, which have opposite signs in the shows positive and negative activation in the stimulated and unstimulated regions, respectively. The BOLD map reflects the retinotopic representation of the stimulus in V1 and shows positive activation in the fovea and the location corresponding to the ring and a negative response at the location corresponding to the unstimulated area. The signal after MION injection is decreased (C) corresponding to an increased CBV; CBV increased in both stimulated and unstimulated regions.
(D) The same map as in (C) with inverted color scale. The CBV map shows V2 and MT activation in addition to V1 activation, because of the higher CNR of the CBV signal. Eight-segment GE-EPI: resolution, 0.5 3 0.375 3 2 mm 3 ; TE, 20 ms; TR, 750 ms. Data were linearly detrended and spatially filtered for display purposes (Gaussian kernel, 1.5 voxels), thresholded at p < 0.05, and clustered at R 10 voxels.
stimulated and adjacent suppressed regions, CBV was increased in both regions, although the CBV increases in the unstimulated regions were smaller than in the stimulated regions (Table 1 ). Figure 2 shows all significantly activated voxels that had both nonzero CBV and BOLD responses, indicating that positive as well as negative BOLD signals co-occurred with CBV increases (i.e., decreases in functional signal intensity after MION injection). Figure 3 shows the time courses of the BOLD and CBV signals in the stimulated and unstimulated regions in a representative animal. The time course of the regions with positive BOLD signals showed the typical hemodynamic response, including the poststimulus undershoot after cessation of the stimulus (Figure 3A) . The dynamics of the negative BOLD response also showed its characteristic pattern, a more phasic response with a faster decay than the positive BOLD signal, as observed before (Shmuel et al., 2006) . The CBV response in the stimulated region had slower dynamics, i.e., the decrease of the MION-based signal intensity reaches its minimum more slowly and returns to baseline more slowly ( Figure 3B ), in agreement with earlier work (Leite et al., 2002; Mandeville et al., 1999a Mandeville et al., , 1999b . The MION signal also lacked an overshoot after the stimulus was turned off. Thus, CBV responses reached their plateau more slowly and returned to baseline more slowly after stimulus cessation. In contrast to the BOLD signal, the CBV signal had similar dynamics in the stimulated and unstimulated regions.
CBF in response to the center/ring stimuli was measured by arterial spin labeling (ASL) using single-shot flow-sensitive alternating inversion recovery (FAIR) (Kim, 1995) at an in-plane spatial resolution of 0.5 3 0.5 mm 2 (inversion time [TI] 1,300 ms; repetition time [TR] , 4,500 ms) and showed a similar pattern to the BOLD response (Figure 4 ) with an increase in CBF in regions that showed a positive BOLD response and a decrease in CBF in regions that showed a negative BOLD response. Figure S1 , available online, shows the difference images for the CBF responses. The CBF decreases were also smaller than the CBF increases (Table 1) . These responses were similar to the responses found in humans with this type of stimuli (Pasley et al., 2007; Shmuel et al., 2002) . Table 1 shows the percent activation for the BOLD, CBV, and CBF signals. Functional changes were calculated in regions of interest (ROIs) corresponding to regions with positive and negative BOLD. The amplitudes of all functional signals (BOLD, CBV, and CBF) were larger in the regions with positive BOLD than in regions with negative BOLD. The MION-based CBV changes were more variable across monkeys and experiments than the BOLD signal changes due to differences in the MION-concentration in the blood, resulting from differences in weight of the animals and differences in MION clearance rates. In two animals, the CBV measurement was repeated at a shorter echo time to reduce a possible BOLD contribution to the CBV signal. This showed that, although reducing the echo time (TE) reduced the amplitude of the CBV changes, it did not alter the sign of Included in the table are the mean percent change upon visual stimulation (positive BOLD region) and the changes in the adjacent unstimulated region (negative BOLD region). Note that a decrease in MION signal corresponds to an increase in CBV. The ROIs extended over the entire gray matter thickness and were defined based on the BOLD responses. Dashes, data were not acquired in a given session. In two sessions, MION data were also acquired at a shorter TE (12.6 ms) to minimize the effect of a possible BOLD contamination.
a For the CBF, we used a high-resolution FAIR with a TR of 4,500 ms, except for experiments marked with this footnote, which were based on the simultaneously acquired FAIR, BOLD, and VASO data and acquired at a TR of 3,000 ms. The mean CBF was calculated based on the FAIR data only.
the responses, and the CBV in stimulated and unstimulated regions was similarly affected (Table 1) . Particularly in the areas displaying negative BOLD, a BOLD contribution is unlikely, because the amplitude of the negative BOLD signal ($0.5%) is below the detection threshold ($1%) of the MION scans (see Figure S2 ). Sequential acquisition of BOLD, CBF, and CBV is unavoidable when iron-based contrast agents like MION are used. Furthermore, injection of hypertonic contrast agents can interfere with blood flow autoregulation (Grubb et al., 1974) . Thus, to avoid potentially confounding effects of the MION injection and the sequential acquisition, we simultaneously acquired BOLD, CBF, and vascular space occupancy (VASO)-based CBV signals (Yang et al., 2004) . The VASO signal is based on a selective nulling of the blood signal, and an increase in CBV results in a decrease of the image intensity (Lu et al., 2003) . The maps showed a similar activation pattern for BOLD, CBV, and CBF compared to the separate acquisitions ( Figure 5 ). Comparison of Figures 1 and 5 (same animal and session) also shows that the VASO-and MION-based functional CBV signals measure the same properties and shows that the results in Figure 1 are not due to an adverse effect of the MION injection.
Laminar Differences in BOLD, CBV, and CBF The opposite signs of the CBF and CBV suggest that the mechanism underlying the negative BOLD response is not merely the inverse of the positive BOLD response. Based on Figure 4 , the negative functional CBF response seems to occur more superficially than the positive CBF response. Therefore, we used highresolution fMRI to determine whether laminar differences in the BOLD, CBF, and CBV responses can account for our observations. Figure 6 shows the average laminar profiles calculated over the stimulated and unstimulated regions averaged over four to six experiments (see Goense and Logothetis, 2006 ; and Supplemental Experimental Procedures for methodological details). Figure S2 shows the profiles in a single animal. The profiles were calculated over a distance along the cortex of 6.8 ± 1.4 mm for BOLD and CBV scans and 8.3 ± 2.1 mm for CBF scans for each slice and hemisphere. The high-resolution activation maps for the BOLD-( Figure 6A ) and MION-based functional CBV responses ( Figure 6B ) show that the positive BOLD response was maximal at the cortical surface (Figures 6A and 6C) in agreement with earlier results in monkeys, cats, and humans (Goense and Logothetis, 2006; Goense et al., 2007; Harel et al., 2006; Koopmans et al., 2011; Ress et al., 2007; Zhao et al., 2006) , while the CBV response was roughly equal at the surface and in the middle layers of the cortex (Figure 6D) . Note that the sign of the MION signal change was inverted in Figure 6D for easier comparison with the BOLD and CBF signals. The negative BOLD response was maximal in the center of the cortex ( Figure 6A ) (de Celis Alonso et al., 2008) , while the negative BOLD signals at the surface sometimes failed to reach significance ( Figures 6A and 6F ). In the areas with negative BOLD, the functional CBV increase (i.e., MION signal decrease, the y axis is inverted again) occurred predominantly in layer IV (Figures 6B and 6G) , while changes at the surface were typically not significant. The increased CBV in the regions with negative BOLD is thus due to small blood vessels or capillaries and not mediated by the large surface vessels. The peak activation for positive functional CBF occurred in layer IV (Figure 6E ), similar to earlier data obtained in the macaque using continuous arterial spin labeling (CASL) (Zappe et al., 2008) ; the profile was similar when diffusion-weighting was added to suppress fast-flowing spins, indicating that flow in large surface vessels did not affect the CBF profiles. In contrast, the largest CBF changes in the regions displaying negative BOLD occurred at the cortical surface ( Figure 6H ; Figure S2 ).
The detection threshold of the acquisition is not homogeneous across the cortex and affects whether activation reaches the significance criterion (Goense et al., 2010) . Due to the lower signal-to-noise ratio (SNR) at the cortical surface, detection thresholds were typically higher at the cortical surface than within gray matter ( Figures S2I-S2K) , and thus the same percentage change may not yield significant activation at the surface and in gray matter. Especially for the CBV measurement, detection thresholds were substantially higher in the superficial layers than in the deeper layers ( Figure S2J ). The high iron concentration in the large blood vessels at the surface decreases the signal intensity at the surface and thereby SNR. Thus, standard errors at the surface are typically higher, and small changes at the cortical surface may fail to reach significance.
In summary, while for stimuli that elicit positive BOLD responses, BOLD, CBV, and CBF all increased concurrently, stimuli that produce a negative BOLD response led to a decrease in CBF but an increase in CBV. These effects were layer dependent; i.e., while the decrease in CBF occurred superficially, the increase in CBV occurred in the center of the cortex. Thus, the negative BOLD response was not simply the inverse of the positive BOLD response and, most likely, produced by a different neurovascular coupling mechanism. Voxels that showed positive BOLD responses (red), as well as voxels that exhibited negative BOLD activation (blue), showed a decrease in signal intensity after MION injection, indicating that CBV was increased in both stimulated and unstimulated regions, although CBV increases were larger in the stimulated areas.
DISCUSSION
Using ring-shaped rotating checkerboard stimuli, we reliably evoked negative BOLD responses in V1, which were accompanied by decreases in CBF, as in humans (Pasley et al., 2007; Shmuel et al., 2002 Shmuel et al., , 2006 Wade and Rowland, 2010) . CBV however, was increased in the regions with negative BOLD. Using high-resolution fMRI, we found that the laminar profiles of the BOLD, CBF, and CBV responses in the unstimulated regions are not merely inverted versions of the responses in the stimulated regions but that their laminar distribution is markedly different. This indicates that neurovascular coupling differs in the stimulated and unstimulated regions and also that neurovascular coupling differs depending on cortical depth.
Hemodynamic Properties
The fMRI methods used in this work are sensitive to different aspects of the hemodynamic response, i.e., the BOLD signal originates from water protons in and near capillaries, venules, and veins, contrast-agent-based CBV signals reflect water in and near arteries, veins, and capillaries save for large vessels; and the ASL signal arises predominantly from water protons in arterioles and capillaries and their exchange with tissue water (He et al., 2012; Kennan et al., 1994; Weisskoff et al., 1994) . It has been shown that hemodynamic regulation is heterogeneous and that functionally induced microvascular changes can occur at small spatial scales, i.e., at the level of columns and layers (Chaigneau et al., 2003; Erinjeri and Woolsey, 2002) . Laminar differences in blood volume and flow have been observed in baseline conditions as well as after stimulation, showing that blood flow regulation differs between layers and between superficial vessels and parenchyma (Choi et al., 2010; Moskalenko et al., 1998; Zaharchuk et al., 1999) . Baseline blood flow and vascularization are highest in the center of the cortex (Duvernoy et al., 1981; Gerrits et al., 2000; Moskalenko et al., 1998; Weber et al., 2008) . Upon stimulation, blood flow increases throughout the cortex, with the highest CBF increases in the middle layers (Moskalenko et al., 1998; Norup Nielsen and Lauritzen, 2001; Takano et al., 2006) . The BOLD, CBF, and CBV signals are a combination of the changes in the hemodynamic response and the signal characteristics of the fMRI methods: the BOLD signal is maximal at the cortical surface with a secondary peak in layer IV, reflecting the increased flow and oxygenation in the superficial veins and the middle layers; CBF and CBV peak in layer IV, reflecting the higher CBF and CBV in the center of the cortex and the sensitivity of these methods to microvessels, while the peak at the surface for CBV may reflect the increased CBV in superficial arteries and arterioles (Duong et al., 2000; Harel et al., 2006; Silva et al., 2000; Yu et al., 2012; Zappe et al., 2008; Zhao et al., 2006) .
We found that the properties of the negative BOLD response are not the inverse of the positive BOLD signal. The decrease in CBF at the cortical surface and in the superficial layers and the increase in CBV in the middle of the cortex indicate that blood flow at the surface and in the upper layers is reduced while the middle layers are hyperemic. Negative BOLD signals arise because of an excess of deoxyhemoglobin (dHb), which occurs when the net inflow of fresh blood is insufficient relative to the O 2 consumption. At the cortical surface, the negative BOLD signal seems to be driven by the decrease in CBF. The CBV at the surface also showed a small decrease, but this failed to reach significance because detection thresholds at the surface are elevated due to the high iron concentration in the large surface vessels ( Figure S2) . Similarly, the negative BOLD signal at the surface ($0.5%) did not reach significance in all animals (Figure S2) . The behavior of the hemodynamic response at the cortical surface agrees well with results obtained by optical imaging, which showed arteriolar vasoconstriction and decreased CBV, CBF, and oxygenation in the inhibitory surrounding areas in rat somatosensory cortex (Boorman et al., 2010; Devor et al., 2007) . Given that the responses measured with optical imaging arise mostly from the upper cortical layers, the negative BOLD responses and decreased CBF observed in the upper layers correspond well with optical imaging data.
In the deeper layers, there was a lack of inflow of fresh blood and an unexpected increase in CBV. Because the ASL signal reflects the inflow of fresh blood and is primarily sensitive to arterioles and capillaries and exchanging water, the CBV increase might occur due to dilation of capillaries or small vessels in the middle of the cortex. This could be an autoregulatory or redistribution phenomenon. If autoregulation occurs at the microscopic level as well as at the global level, the decrease in perfusion pressure in the center of the cortex due to the reduction of flow in the superficial vessels and upper layers might lead to an increase in CBV in the center. A capillary dilation with arterial constriction would require backpressure from the venous side to lead to a larger CBV. Given the relative lack of a CBF response in the deeper layers, the negative BOLD signal in the deeper layers may arise as a result of local vasodilation and increase in dHb due to an insufficient inflow of fresh blood. However, the CBV increase in the middle layers could also be mediated by local dilation of capillaries induced by inhibitory neural activity (Cauli et al., 2004; Fergus and Lee, 1997; Ferná ndez-Klett et al., 2010) . Hyperemia by increasing the capillary volume might increase the availability of oxygen by increasing the overall blood volume. The signals we observed in the deeper layers are not expected to have a direct counterpart in optical imaging, because of the limited depth resolution of optical imaging. High-resolution fMRI can thus provide a unique window into such responses. Hyperemia of the brain parenchyma with arterial constriction has been observed with optical imaging during the poststimulus undershoot (Chen et al., 2011) , and such a mechanism could potentially also lead to the hyperemia in the deeper layers observed during the negative BOLD response. Chen et al. (2011) hypothesized that there may be a dilation of capillaries mediated by pericytes. The laminar pattern of the negative BOLD response we observed shows similarities with the poststimulus undershoot measured with fMRI. The BOLD undershoot in cat visual cortex occurred in both tissue and surface vessels. The CBV in gray matter, however, remained elevated after stimulus cessation, while CBV at the surface decayed rapidly to baseline Zhao et al., 2007) ; this was also observed in the macaque (data not shown). The above observations suggest the possibility that the poststimulus undershoot and the negative BOLD response may share a similar mechanism, resulting in a decrease of blood flow in the large vessels at the surface, while the parenchyma (the deeper layers) stays hyperemic. However, the temporal overlap makes the individual contributions to the poststimulus undershoot difficult to disentangle, and vascular compliance effects can also explain the time course of the CBV (Buxton et al., 1998 (Buxton et al., , 2004 Leite et al., 2002; Mandeville et al., 1999a Mandeville et al., , 1999b . Acquiring the time course of the CBF at laminar resolution could resolve the potential similarities between the negative BOLD and the poststimulus undershoot.
Another stimulus paradigm that reliably yields negative BOLD responses is ipsilateral inhibition, and it is likely that this paradigm would result in similar laminar profiles to the ones found here. Although negative BOLD responses have also been shown in cases of physiological challenge, like seizures or low blood pressure (Nagaoka et al., 2006; Schridde et al., 2008) , its mechanism and laminar profiles might very well differ from the stimulus-driven negative BOLD response. However, this requires further study.
Energy Use and Neural Mechanism
Decreases in the cerebral metabolic rate of oxygen consumption (CMRO 2 ) were seen in areas with negative BOLD using MRIbased methods (Shmuel et al., 2002; Stefanovic et al., 2004) . Although it is likely that the reduced neural activity (Shmuel et al., 2006) leads to a reduced energy use, this cannot automatically be inferred, and CMRO 2 changes could also be layer dependent. Layer-dependent CMRO 2 is suggested by observations that glucose and O 2 consumption are highest in layer IV (Carroll and Wong-Riley, 1984; Freeman, 2011, 2012; Tootell et al., 1988b) , while 2-deoxyglucose autoradiography in V1 showed that for areas adjacent to stimulated areas, glucose use depended on stimulus properties and retinotopic location (Tootell et al., 1988b) .
The increase in CBV in the deeper layers might be driven by a cortical-layer-dependent increase in energy use, which could be the result of layer-dependent or neuron-type-dependent increases in neural activity. A possible driver of the microvascular dilation is an increase in the activity of inhibitory interneurons; these are often missed with standard microelectrodes, but they can have high firing rates. Inhibitory activity has been shown to cost energy (McCasland and Hibbard, 1997; Nudo and Masterton, 1986) and might lead to a vascular response also. Thus, although it is likely that energy use is reduced in the case of negative BOLD, its laminar profile and the exact driving mechanism of the vascular response still need to be determined.
The neural mechanism for the negative BOLD response is also still unknown (Pasley et al., 2007; Shmuel et al., 2002 Shmuel et al., , 2006 Wade and Rowland, 2010) . Inhibition via horizontal connections may play a role, although the spatial extent of the negative BOLD response suggests longer range interactions. Other possible neural mechanisms that could account for the decreases in the fMRI responses are a reduced input from the lateral geniculate nucleus, reduced or inhibitory feedback from higher cortical areas like V2 or MT (Angelucci and Bressloff, 2006; Angelucci and Bullier, 2003) , or a reduction in inhibitory as well as excitatory activity, which can be explained by an inhibition-stabilized network (Ozeki et al., 2009; Tsodyks et al., 1997) . Further study is needed to resolve the neural mechanism, for instance, by See Figure S1 for the difference image.
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Laminar Differences in Neurovascular Coupling using different stimuli, elimination of feedback by pharmacological inactivation, or by combining high-resolution fMRI with multisite electrophysiological recording.
Measurement of Functional CBV
Our results indicate that CBV-based fMRI measures different properties than BOLD-based fMRI (Smirnakis et al., 2007) . This indicates that CBV-based fMRI signals cannot be assumed to always reflect the same underlying processes as BOLD-based fMRI. On one hand, this can complicate the interpretation of comparative fMRI studies or of VASO-and BOLD-based responses. On the other hand, these differences can potentially be exploited to better understand fMRI signals or to disentangle different neural processes. The results presented here have implications for comparative fMRI studies between macaques and humans. In the majority of the macaque fMRI studies, iron-based contrast agents are used to boost the contrast-to-noise ratio (CNR) of the functional signal (Vanduffel et al., 2001) . Although comparative studies allow direct comparison between monkeys and humans under the same stimulus or task (Nasr et al., 2011; Tsao et al., 2003 Tsao et al., , 2008 Vanduffel et al., 2002) , when iron-based contrast agents are used, the results may not always be exactly comparable. Our results indicate that BOLD and functional CBV responses are not fully equivalent, and CBV-based methods may be unable to unambiguously discriminate between processes that result in positive and negative BOLD signals, for instance, excitation versus inhibition.
The similarity of the results obtained with VASO-and MIONbased CBV suggests that the VASO-and MION-based CBV methods measure similar properties (Jin and Kim, 2008) . The VASO-and MION-based CBV signals both suffer from the drawback that they cannot unambiguously distinguish processes leading to positive and negative BOLD responses. However, this may also be advantageous, because if the VASO and BOLD responses always reflect the same processes, VASO would just be a low-SNR version of BOLD. The different behavior of the VASO signal provides the option to study CBV responses in humans to better understand the fMRI mechanism and improve comparisons between human and animal CBV studies.
The CBV measurement can potentially be improved by using spin-echo (SE)-based methods, which are less susceptible to signal dropout near large vessels and can improve the detectability of CBV changes at the cortical surface . However, SNR and CNR for SE-CBV methods are lower, which negated the aforementioned advantage in our setup. Further improvement of SNR by improving radio frequency technology may allow applicability of SE-EPI as well as increasing spatial resolution.
Summary
While excitatory activity increases CBF and CBV in superficial as well as in deeper layers, we found that stimuli that cause negative BOLD responses reduced the blood flow at the cortical surface but increased the blood volume in the deeper layers. Our results imply that the mechanism of neurovascular coupling differs for the two types of stimuli. Furthermore, the different behaviors seen in both deep and superficial layers for these stimuli suggest that neurovascular coupling mechanisms are layer dependent. The laminar differences in neural responses; energy consumption; and the segregation of input, output, and feedback connections in V1 have all been well characterized (Felleman and Van Essen, 1991; Johnson et al., 2001; Ringach et al., 2002; Tootell et al., 1988a) . Our results suggest such processes might be reflected as laminar differences in the fMRI responses. Other processes, like perception or attention, may also leave a laminar signature in the fMRI profiles, as they do in the neural signals (Mehta et al., 2000) . This could potentially allow the use of high-resolution fMRI to study cortical processing at the level of the microcircuits as well as allow us to separate the individual contributions of feedforward, feedback, excitatory, or inhibitory processes to fMRI signals. 
EXPERIMENTAL PROCEDURES Subjects and Anesthesia Protocol
Experiments (n = 12) were performed on eight healthy monkeys (Macaca mulatta; six females, two males; 4-9 kg, 3-12 years). All experiments were approved by the local authorities (Regierungsprä sidium Baden-Wü rttemberg, Tü bingen, Germany) and were in full compliance with the guidelines of the European Community (EUVD 86/609/EEC) for the care and use of laboratory animals. Experiments were performed on a Bruker Avance-II 4.7T vertical scanner running ParaVision 5.0/5.1 (Bruker Biospec 47/40v, Bruker Biospin GmbH, Ettlingen, Germany). A custom-built four-channel receive array was used in combination with a detunable partial volume transmit coil (Goense et al., 2010) . The experimental setup and procedures were described in detail in Logothetis et al. (1999) . Monkeys were scanned in an upright position in a specially designed primate chair. Experiments were performed under general anesthesia; after preanesthesia with glycopyrrolate (0.01 mg , kg À1 ) and ketamine (15 mg , kg
À1
), and induction with fentanyl (3 mg , kg À1 ), thiopental (5 mg ,
) and succinylcholine chloride (3 mg , kg À1 ), animals were intubated and ventilated using a Servo Ventilator 900C (Siemens, Germany) maintaining an end-tidal CO 2 of 33-35 mm Hg and oxygen saturation above 95%. Anesthesia was maintained with remifentanil (0.5-1.5 mg , kg À1 min) and mivacurium chloride (4-6 mg , kg À1 , h À1 ) to ensure paralysis of the eye muscles. Body temperature was maintained between 38.5-39.5 C. Jonosteril (Fresenius Kabi, Germany) with 2.5% glucose was infused at a rate of 10 ml , kg À1 , hr À1 . Intravascular volume and blood pressure were maintained by administering hydroxyethyl starch as needed (Volulyte, Fresenius Kabi, Germany) . One to two drops of 1% cyclopentolate hydrochloride were administered to each eye to achieve mydriasis, and the animal was fitted with hard contact lenses to bring the eyes to focus on the stimulus plane (hard PMMA lenses, Wö hlk, Kiel, Germany). Visual stimuli were presented using a custom-built projector and SVGA fiber-optic system with a resolution of 640 3 480 pixels. We used full-field black-and-white rotating checkerboards and rotating center/ring stimuli, analogous to the stimuli used by Shmuel et al. (Shmuel et al., 2002 (Shmuel et al., , 2006 . The stimuli ( Figure 1A ) consisted of a foveal stimulus of 1 -3 in the center and a ring which typically extended from 8 -12 . The sizes of the center and ring were adjusted up to 2 such that the region showing a negative BOLD was located in the middle of the operculum; this ensured that the negative BOLD response occurred in the region of the cortex where the SNR was highest and where the cortical thickness was most uniform, to allow for the most accurate determination of laminar profiles. Full-field rotating checkerboard stimuli were used as control. A block design was used in which 64 images were acquired in four blocks of eight images each on and off for BOLD and CBV experiments, and 128 images in four blocks of 16 images each on and off for CBF experiments.
Data Acquisition
For BOLD and CBV scans, the same eight-segment GE-EPI sequence was used. Thirteen to fifteen slices were acquired oriented perpendicular to the cortical surface of V1. ) was injected intravenously, which decreased the image intensity to about half the preinjection level. BOLD scans were acquired right before the MION injection, and all CBV data were acquired within 1½ hr after MION injection to avoid washout effects. In two experiments (in two animals) CBV data were also acquired at a TE of 12.6 ms to reduce any possible BOLD contamination and to reduce signal dropout at the cortical surface. Functional CBF (n = 10) was measured using FAIR (Kim, 1995) and/or with the sequence by Yang et al. (2004) that simultaneously acquires FAIR, BOLD, and VASO signals. The EPI module was the same for the FAIR and simultaneous BOLD/CBF/VASO sequence and was a single-shot EPI with a BW of 132 kHz and a slice thickness of 3 mm. For the simultaneous BOLD/CBF/VASO sequence, data were typically acquired at a resolution of 0.75 3 0.75 mm 2 , with a FOV of 64 3 32 mm 2 and a matrix size of 86 3 43.
The TI was 925 ms for the VASO-echo and 1,300 ms for the FAIR-echo at a TR of 3,000 ms. The TI for the VASO-echo was determined based on the inversion of blood in veins in the calcarine sulcus. The echo times were 8.4, 8.4, and 30.5 ms for the VASO-echo, FAIR-echo, and BOLD-echo, respectively. Hyperbolic secant pulses were used for inversion. For high-resolution FAIR (n = 6), a single slice was acquired oriented perpendicular to the cortical surface with a FOV of 64 3 24 mm 2 or 64 3 16 mm 2 , a matrix of 128 3 48 or 128 3 32 (resolution, 0.5 3 0.5 3 3 mm 3 ), a TI of 1,400 ms, and a TR of 4,500 ms. The shortest possible TE was used ranging from 8.6 to 11.6 ms depending on the matrix and FOV. To determine whether flow in large vessels affects the CBF profiles, a diffusion-weighted SE FAIR-EPI was used as a control. Its sequence parameters were the same as for the GE-based high-resolution FAIR, except that the TE was 26.4 ms and the b factor was 20.
Data Analysis
Data were analyzed using custom-written routines in MatLab (The MathWorks). Activation maps were generated using t tests. No smoothing was applied in the analyses (the exception is Figure 1 , where data were smoothed for display purposes). For measuring the VASO-CBV signal, only the nonselective inversion was used, reducing the number of images per scan to 64. To determine the mean percent functional signal change in the regions with positive and negative BOLD, ROIs for the positive and negative BOLD were drawn in the operculum of V1, based on the high-resolution raw (i.e., not thresholded for significant activation) BOLD percentage change activation maps. The same ROIs were used to calculate functional CBV changes. For calculation of functional CBF, ROIs were drawn based on the unthresholded CBF percentage change maps after verifying the locations of the ROIs in the BOLD scans. Functional activation as a function of cortical depth was analyzed by calculating the profiles perpendicular to the cortex (see the Supplemental Experimental Procedures for a detailed description of the analysis procedures and the factors affecting the laminar resolution). The areas over which the profiles were calculated were defined based on the extent of the negative BOLD activation, which amounted to a distance of 7-8 mm along the cortex for each slice and hemisphere. Two to three slices were used for BOLD and CBV profiles. The same coordinates were used to calculate BOLD and functional CBV profiles. For the laminar profiles for the positive BOLD responses, profiles were calculated from activation maps in response to a full-field checkerboard, allowing the use of the same coordinates (i.e., using the same stretch of cortex) for the positive and negative BOLD responses. We verified that using activation maps derived from a full-field checkerboard yielded the same laminar profiles and percent signal changes as using the regions with positive BOLD from the ring stimuli. To allow for the most accurate calculation of signal changes at the cortical surface, only experiments for which there was no scanner drift within and between scans were included in the laminar analysis. Scanner drift can potentially lead to a misalignment of up to one voxel in the phase-encoding direction (anterior-posterior). Due to the sensitivity profile of the receive array and the strong activation at the cortical surface in GE-BOLD and GE-CBV scans, image registration software is often not able to accurately realign such data; hence, any data with scanner drift were excluded from the analysis.
SUPPLEMENTAL INFORMATION
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